A comparative study of electronic transport properties of p-Si wafers intentionally contaminated with Fe was performed using infrared photothermal radiometry (PTR) and microwave photoconductance decay (µ-PCD). Strong correlations were found between PTR and µ-PCD lifetimes in a lightly contaminated wafer with no significant PTR transient behavior. The absolute PTR lifetime values were larger than the local averaged µ-PCD values, due to the different excitation wavelengths and probe depths. In a heavily contaminated wafer the µ-PCD and PTR lifetime correlation was poorer. PTR measurements were highly sensitive to Iron concentration, most likely due to the dependence of the bulk recombination lifetime on it. Rapid-scanned (non-steady-state) PTR images of the wafer surface exhibited strong correlations with both µ-PCD lifetime and Iron concentration images in both heavily and lightly contaminated wafers. For the lightly and uniformly contaminated wafer, PTR scanning imaging was found to be more sensitive to iron concentration and lifetime variations than µ-PCD images.
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The physical and electronic properties of semiconductor wafers directly affect the performance of various devices fabricated on these wafers. In recent years, the evaluation of semiconductors by means of photothermal methods has attracted particular attention, owing to the non-destructive and non-contact character of these techniques. PTR 1, 2 has been shown to possess distinct advantages, such as remote in-situ evaluation and optimal sensitivity to the electronic transport properties of the laser photoexcited material. 3 Using the 3D-PTR technique 4, 5 due to spatial constraints imposed by tightly focused Gaussian laser beams, one can obtain electronic transport parameters of Si wafers, including the carrier recombination lifetime, τ, the minority carrier diffusion coefficient, D n, or D p , the carrier diffusion length, L D , the front surface recombination velocity, S 1 , as well as the thermal diffusivity, α.
Physically, the signal generation process can be described as follows. Upon impinging on a semiconductor surface, an intensity-modulated laser beam simultaneously produces direct lattice heating due to absorption, as well as a modulation in the free photoexcited carrier density, provided the photon energy is greater than the bandgap energy. The modulated photoexcited free carrier density depends on the laser fluence and on the electronic properties of the material in the vicinity of the laser beam. If a wide-bandwidth IR detector, such as mercury-cadmium-telluride (HgCdTe, MCT), is focused on a laser photoexcited spot of the sample, a superposition of IR radiative emissions from the excited region may be measured. Unlike conventional photoluminescence, this IR radiation is mainly due to the optical de-excitation of photoexcited carriers, with the simultaneous emission of an infrared photon within the blackbody (Planck) spectral range. 2 In other words, each de-exciting carrier acts like a Planck radiator. The collected signal is the vector sum of this depth-integrated radiation, diffusely emitted by the photogenerated free-carrier plasma-wave density, plus the conventional modulated IR radiation (thermal wave), generated by direct heating due to lattice absorption of the incident laser radiation, and by delayed recombination-lifetime-controlled heating due to non-radiative de-excitations of carriers. 2 The signal dependence on the depth-integral of the carrier density provides an important diagnostic mechanism for PTR, which thus carries information on carrier diffusion and recombination mechanisms.
In typical-quality industrial Si wafers it turns out that the major advantage of PTR over other photothermal methods, including the commercially widely used Photomodulated Thermoreflectance (PMOR) technique, 6 is the almost complete domination over the thermal-wave response of the signal by the electronic plasma-wave component at all modulation frequencies (Hz to MHz). 3 Therefore, PTR appears to be ideally suitable as a diagnostic technology in assessing the electronic quality of semiconductor substrates and processed wafers.
Another technique widely used for evaluation of lifetime and impurity monitoring of semiconductors, which depends on the depth integral of photoexcited free-carrier densities is microwave photoconductance decay (µ−PCD) [7] [8] [9] [10] . In this technique an excess electron-hole pair concentration is created by optical-laser illumination. The photocurrent (PC) signal is proportional to the number of excess electron-hole pairs integrated over the entire wafer volume. The PC decay is monitored by the change in microwave power reflected from the sample. The carrier transport problem is considered to be one-dimensional since the laser spot size is much larger than either the wafer thickness or the carrier diffusion length. 9 Microwaves are not only reflected from the surface, but also they penetrate approximately one skin depth into the sample. Typical skin-depths in Si at 10 GHz lie between 350 µm for ρ = 0.5 Ohm-cm and 2200 µm for ρ = 10 Ohm-cm. A good portion of the wafer can be sampled by microwaves and the microwave reflection signal is characteristic of the deep bulk carrier density. The lowest value of minority recombination lifetime (τ) that can be determined depends on wafer resistivity. Different measurement methods can give widely differing values of carrier lifetimes for the same material or device structure.
It is well known that wafer contamination by fast diffusing metals like Fe is a yield-reducing factor in integrated circuits. Iron detection in B + -doped p-Si depends on the behavior of FeB complexes in different states. Following FeB dissociation, the concentration of iron interstitial (Fe i ) can be influenced by temperature or optical activation. Since Fe acts as a more effective recombination center in Si than FeB does, the difference in measured effective lifetime before and after breaking FeB pairs can be used for the qualitative determination of defect concentration maps related to iron. In this work, this method has been used to measure µ-PCD lifetimes before and after Fe-B dissociation and to extract [Fe] concentrations. 7, 8, [12] [13] [14] The lifetime/iron concentration dependence is strong for p-Si with Fe in interstitial state and much less for Fe as FeB complex. For low injection levels the lifetime in the activated Fe i state is smaller that in the FeB complex.
7,8

Experimental
The experimental set-up for the 3-D PTR instrument for Si wafer diagnostics has been described in detail elsewhere.
1, 4,5 An Argon-ion laser beam (514.5 nm) is passed though an acousto-optic modulator (AOM) and a beam expander (10X) producing a 1-cm beam size. The spot-size of the focused Gaussian laser beam is approximately 48 µm in diameter attained by use of a gradium glass lens with 12.4 cm focal distance. The infrared (IR) emission was collected by two off-axis paraboloidal mirrors and was focused onto a liquidnitrogen-cooled MCT IR detector with spectral response between 2 an 12 µm. The output signal was pre-amplified and fed to a lock-in amplifier and was processed by a personal computer. The excitation beam was modulated from 10 Hz to 100 kHz via the acousto-optic modulator (AOM). All the experimental measurements were normalized by a wide-bandwidth instrumental transfer function. 4 In recent work we have shown that the amplitude scales linearly with the recombination lifetime in some ranges of parameters typical of Si wafers. 5 Therefore, an x-y infrared-radiation-amplitude scan of a Si substrate (with or without grown oxide) when it is properly calibrated in units of s, yields, in principle, a recombination lifetime image of the scanned region. Such a radiometric image has been called a "thermoelectronic image", or "thermoelectronic scan". PTR thermoelectronic amplitude and phase images were generated by moving two micrometer stages in the x-y directions. The step used to build each image was 500 µm.
Results
Two p-type (boron-doped) Si wafers grown from magnetic Czochralski ingots, 5 and 6 inches in diameter (labeled BK1001 and BK1003, respectively), with resistivities between 10-20 Ω-cm and (100) crystallographic orientation were investigated. The wafers were oxidized under standard oxygen flow (500 cm 3 /min) in a mini furnace at 1000 o C for 70 minutes. They were intentionally contaminated by immersion in a SiC-solution with 100 ppb Fe and were inspected with a µ-PCD probe after processing. Sample BK1001 was placed in a quartz boat vertically, while sample BK1003 was placed between two Silicon Carbide (SiC) boats horizontally. As a result, sample BK1001 received a relatively homogeneous Fe contamination of lower concentration than BK1003. This wafer was in contact with the SiC boats and thus received very inhomogeneous and heavier Fe contamination from both the solution and by contacting the boats. The influence of Fe concentration on the thermoelectronic properties was studied in the low-injection regime (typically about 30 mW of optical power). These properties include minority recombination lifetime (τ), minority carrier diffusion coefficient (D n ), front surface recombination velocity (S 1 ), thermal diffusivity (α), and the plasma and thermal coefficients of the total PTR signal.
3 Figure 1 shows the µ-PCD Fe concentration map of the entire wafer surface (BK1001). 7, 8 µ-PCD scans showed that sample BK1001 was much more uniform than sample BK1003 and was thus examined with PTR at eight locations along the radial direction as well as inside a small area (1 cm x 1 cm, Region A, Fig. 1 ). The average local µ-PCD carrier recombination lifetime values, were extrapolated from the µ-PCD images with the help of calibration histograms (not shown) and the average [Fe] concentration. It is seen that the lifetime trends between PTR and µ-PCD measurements are well correlated, see Fig.   2 , even though the PTR values are consistently higher. Recall that the PTR laser source wavelength was 514 nm, whereas µ-PCD data were obtained with optical excitation at 904 nm. At this excitation wavelength, the optical absorption coefficient of Si is β = 1.1 x 10 2 cm -1 , and the µ-PCD skin depth is λ= 100 µm. 17 Both microwave and PTR detection for this wafer were affected from the front (polished) surface. Given the long excitation wavelength, the µ-PCD optical probe "sees" deeper into the substrate and can be reasonably expected to yield shorter lifetime values from thoroughly Fe-contaminated wafers than the very-near-surface PTR probe. The measurements of PTR signals at the steady state may have also contributed to the differences found in the calculated lifetime values. It was not possible to construct meaningful linear τ PTR vs. τ µ-PCD calibration curves for samples (BK1003) that exhibit transients, since the two sets of parameters were obtained under very different conditions and the PTR signal is also sensitive to electronic surface states.
In order to obtain a better understanding of the nature of PTR images in the presence of [Fe] concentration gradients across these Si wafer surfaces, various regions were scanned at constant modulation frequency (1 kHz). Figure 2 shows PTR amplitude of region A of sample BK1001. This region was scanned using a 500-µm step at a dwell time of 12 s/step. It has been shown that PTR amplitude levels in the essentially flat, low-frequency region are approximately proportional to photoexcited carrier lifetimes. 2, 5 Therefore, it is clear that the PTR amplitude image is controlled by the Fe concentration via its effect on the local lifetime value at early times after exposure to the laser beam, before the complete onset of low-activation surface annealing effects. 15 The PTR phase also exhibits similar trends, but no proportionality to the photoexcited carrier lifetime has been established for this signal channel. Calibrating the PTR amplitude image in terms of quantitative lifetime values, however, is not straightforward either.
During the transient PTR signal evolution, various kinetic, annealing 15 and redistribution Fe processes can take place even at very low fluences changing thermoelectronic properties in p-type Si wafers. 12, 14, 16 The rapid laser-scan conditions produce minimal disturbance and redistribution of Fe centers and thus offer a more reliable mapping of the original Fe distribution. Wafer BK1001 shown in Fig. 1 is much more homogeneous than BK1003. According to the µ-PCD lifetime data, the lifetime values in this sample lie in a narrower range (8 -10 µs) than those of wafer BK 1003. The PTR results also show that lifetimes do not exhibit drastic variations across the surface of this wafer, including locations close to the flat. There exists excellent correlation between the µ-PCD and PTR lifetime values for this wafer. 2 ) located at the center of the wafer, Fig. 1 , was scanned by the µ-PCD and the PTR probes. In addition, low-level or no PTR transients were observed. The µ-PCD lifetime and [Fe] images inside region A are very uniform. The PTR amplitude image of the same region is shows in Fig 2. PTR image shows an enhancement of the small signal gradients from top to bottom, as compared with the µ-PCD images of the same area. A plot comparing the µ-PCD and PTR lifetimes is shown in Fig. 3 . This plot shows a linear relationship between the two lifetimes within the constraints of the few data points available. Again, overall, there is excellent agreement between the µ-PCD and the PTR lifetime images, even though the absolute steady-state τ PTR values are somewhat greater. As discussed earlier, the difference must be sought in the different photoexcitation wavelengths used with each technique. As in the case of the heavily contaminated wafer BK1003, it is believed that the rapid non-steady scans best reflect the lifetime and [Fe] concentration configurations within Region A of wafer BK1001. The excellent correlations between PTR and µ-PCD data for this wafer are attributed to the absence of PTR transients, a strong indicator of higher electronic quality of BK1001 than BK1003. 
